Aging-induced degeneration of the neuromuscular system would result in deteriorated complex muscle force coordination and difficulty in executing daily activities that require both hands. The aim of this study was to provide a basic description of how aging and dual-task activity would affect the motor control strategy during bimanual isometric force control in healthy adults. In total, 17 young adults (aged 25.1 6 2.4 years) and 14 older adults (aged 72.6 6 3.4 years) participated in the study. The subjects were instructed to press both hands simultaneously to match the 1 Hz sine curve force under two conditions (with or without calculation) with continuous visual feedback. Differences in bimanual motor synergy, bimanual coordination, force accuracy, force variability, and calculation speed were compared. This study found that the specific motor control strategy of older adults involved a decreased bimanual force control ability with both increased V UCM and V ORT , and was not influenced by dual tasking. These findings might have implications for establishing interventions for aging-induced hand force control deficits.
Introduction
Many daily living tasks involve some bimanual movement that requires well-coordinated motor control between the hands. Most behavioral studies of bimanual movement have focused on kinematic properties such as tapping rate, cycle time, and track deviation (Bangert, Reuter-Lorenz, Walsh, Schachter, & Seidler, 2010; Pauwels, Vancleef, Swinnen, & Beets, 2015; Ringenbach, Van Gemmert, Shill, & Stelmach, 2011) . However, as important components of successful and well-coordinated bimanual movements, force production and maintenance are fundamental and essential factors, and these topics have become a subject of interest, particularly among the aging population (Cauraugh, Lodha, Naik, & Summers, 2010) .
Previous studies that emphasized the motor control mechanism of bimanual coordination force control used force accuracy and variability to evaluate performance, under the assumption of independent control between the hands (Davis, 2007; Hu, Loncharich, & Newell, 2011; Lodha, Coombes, & Cauraugh, 2012) . However, recent evidence has shown that bimanual activities are vulnerable to interference and not independent of each other (Kim et al., 2015; Seo, 2013) . Evidence showed that interactions among the corpus callosum (Diedrichsen, Hazeltine, Nurss, & Ivry, 2003; Gooijers & Swinnen, 2014) , neural crosstalk, and coactivation of homologous muscles (Kennedy, Boyle, Wang, & Shea, 2016) might partly account for the independence between the two hands during bimanual coordination force control. Thus, a proper method is needed to investigate the motor control strategy of bimanual activities, particularly bimanual force control.
With consideration of the bimanual interaction during bimanual activities, the uncontrolled manifold (UCM) hypothesis of the analysis of bimanual motor control strategy under the assumption of non-independence of each effector has been applied to investigate the central nervous system (CNS) control strategy of multiple effectors during goal-specific force production tasks (Latash, 2010) . In the UCM, bimanual motor synergy (V index ) is used during bimanual tasks to evaluate the performance-stabilizing ability, which includes good variability (V UCM ) and bad variability (V ORT ). V UCM provides possible solutions to stabilize performance, while V ORT interferes with performance. As the normalized index of V UCM and V ORT , V index is used to quantify and evaluate the ability to stabilize force control performance.
To investigate the characteristics of the control strategy among multiple effectors, Latash and colleagues conducted studies on hand force control. They focused on investigating the multi-digit synergies using the UCM theory as a window into coordination motor control strategies (Scholz, Danion, Latash, & SchoÈ ner, 2002; Shinohara, Scholz, Zatsiorsky, & Latash, 2004) . They emphasized the importance of analyzing motor coordination using motor control strategies (e.g. under the UCM theory) rather than performance variables. They illustrated that UCM analysis is more powerful than performance analysis in revealing significant differences between young and older adults during force control. Their studies provide evidence of age-related changes in the motor control strategy of finger interaction. Indeed, quantification of finger interactions has important implications in the performance of everyday tasks such as manipulation of handheld objects and turning a door knob (Kapur, Zatsiorsky, & Latash, 2010) . However, as an important aspect of daily living, bimanually coordinated movements have not been investigated under the UCM theory, and the aging effect on the motor control strategy has not been examined.
Aging is widely known to possibly cause gradual degeneration of the neuromuscular system, resulting in deterioration of complex muscle force coordination Temprado, Vercruysse, Salesse, & Berton, 2010) . Dual-task activities have been used to assess the effect of aging on performance during various functional exercises. Dual-task performance allows for the evaluation of the mechanism through which aging would affect the processing demands in many real-world situations such as driving an automobile, cooking while conducting a telephone conversation, or typing a manuscript while composing a letter (Rogers, Fisk, & Walker, 2014) . However, most previous studies focused on gait performance and postural control (Hollman, Kovash, Kubik, & Linbo, 2007; Huxhold, Li, Schmiedek, & Lindenberger, 2006; Springer et al., 2006) . Few studies have emphasized how dual tasking would affect bimanual coordination performance. Previous research revealed decreased sensory sensitivity (visual and proprioceptive input) during a bimanual coordination task in older individuals (Serrien, Teasdale, Bard, & Fleury, 1996) . In addition, a prior study showed that 13% of individuals aged . 65 years experienced difficulty in executing daily activities that required both hands; the proportion increased to 35% among individuals aged . 85 years (Schultz, 1992) , a finding that emphasizes the significance of bimanual activities among the older population.
Considering the lack of knowledge with respect to the effect of aging and dual-task activity on the motor control strategy of the CNS regarding bimanual isometric force control, it is of interest to identify this effect to provide basic knowledge for further research. Previous studies demonstrated that older individuals showed greater deterioration of task performance during sine wave force control than during constant force control (Vaillancourt & Newell, 2003) , and the differences were significant for 1 Hz than for 2-4 Hz (Masumoto & Inui, 2010; Sosnoff, Vaillancourt, & Newell, 2004) .
Thus, in this study, we aimed to examine the motor control strategy of the CNS under the effects of aging and dual-task activity during bimanual force control. To achieve this, we primarily compared the bimanual motor synergy and, secondarily, compared the force accuracy, force variability, coordination, and calculation speed during a 1 Hz sine curve force-matching task under single-and dual-task conditions.
Method
In total, 17 young adults (8 women and 9 men aged 25.1 6 2.4 years) and 14 older adults (12 women and 2 men aged 72.6 6 3.4 years) participated in this study. The inclusion criteria were good overall health without neuromuscular or neuropsychiatric disease. The exclusion criteria were hypertension, diabetes, hand arthritis, or other diseases that prevented performance of the experiments. In addition, a score of . 24 in the MiniMental State Examination was required for those in the older group (Folstein, Folstein, & McHugh, 1975) . All the subjects were right-handed as determined by the Edinburgh Handedness Inventory (Oldfield, 1971) . Written informed consent was obtained from all the participants before starting the experiments. This study was approved by the Medical Research Ethics Committee of Korea University.
Equipment
Two rigid Styrofoam boards were used to support and fix both the wrists and forearms. A cylindrical bar within two aluminum frames (140 3 90 mm 2 ) was placed underneath each palm. Each hand was maintained at 20°wrist extension and 20°metacarpo-phalangeal flexion, and the interphalangeal joints were slightly flexed so that the hand formed a dome. The subjects were seated comfortably 70 cm in front of a 20-in monitor. The subjects were instructed to relax while sitting in an office chair and facing the computer with their shoulders abducted at 45°, flexed at 45°, and elbows flexed at 135°. Comfortable positions were marked and maintained during each experiment. The visual feedback was at a constant visual angle of .4°, and the visual gain for the bimanual maximum voluntary force (BMVF) tasks was 50 pixels/N.
Eight piezoelectric sensors (Model 208M182; PCB Piezotronics, Inc., Depew, NY, USA) were mounted inside the aluminum frames at 4 units/frame and used to measure hand-pressing forces. The position of the sensors could be adjusted in the forward-backward and medial-lateral directions within a range of 30-60 mm to fit the subjects' hands and fingers. After the selection of comfortable positions for both hands, these positions were marked and maintained throughout the test (Figure 1(b) ).
Analog output signals from the sensors were processed using separate AC/DC conditioners (482C, PCB Piezotronics). The system was operated in a DCcoupled mode, using the sensor's discharge time constant as established by the built-in microelectronic circuit within the sensor. A 16-bit A/D board (NI 9215; National Instruments, Austin, TX, USA) was used to digitize all the signals at 1000 Hz. The detailed protocol of the equipment performed in this study has been published previously (Jin, Kim, Oh, & Yoon, 2019) .
Tasks
This study has a cross-sectional two-group design. Each subject participated in the experimental tasks including (1) the pre-BMVF task, (2) sine curve force-matching task with or without a calculation task, and (3) post-BMVF task. After the post-BMVF task, a visual analog scale (VAS) score was measured to evaluate the difficulty the subject experienced during the experiment. A schematic representation of the experimental design is shown in Figure 1 (a).
2.2.1. Pre-BMVF task. Each subject was instructed to simultaneously press both hands as hard as possible for 5 s and then to relax without lifting the hands off the sensors. During each trial, a visual representation of the force produced by the subjects was shown as a horizontal bar on a computer screen. Three trials were performed consecutively with a 30-s interval to prevent fatigue. Prior to the experimental trial, all the subjects performed one practice trial, and all the three experimental trials were included for the calculation. BMVF was determined as the mean of the three BMVF trial values.
2.2.2. Sine curve force-matching task. The subjects were instructed to press both hands simultaneously to match the target force line (blue sine curve line) as accurately as possible with a continuous visual feedback of the total force output (white line) on the screen under two conditions (with or without calculation). The 20-s 1 Hz sine curve had a mean value of 15% and an amplitude of 65% in the pre-BMVF task. The calculation task required the participants to subtract 10 from the number shown on the cue monitor in their minds and speak out the answer at the end of the force-matching task. The experimental design was modified in accordance with a previous design that has been shown to be effective for detecting aging-induced force control deficit (Masumoto & Inui, 2010; Vaillancourt & Newell, 2003) .
Prior to the trial, the subjects performed one practice trial for each condition. Each condition included 13 trials (a total of 26 trials), and each trial included a 5-s cue, a 20-s force-matching task, and a 15-s interval. The instructions for the order of trials under the different conditions were provided on the cue monitor during the cue period (Figure 1(a) ). Under the calculation condition, a number would appear on the cue monitor (as the dual task), while without calculation no number would appear on the cue monitor (as the single task). The subject would then complete the force-matching task and rest during the interval period. To avoid order effects, the same conditions were not executed more than twice under a presumed randomized sequence.
2.2.3. Post-BMVF task. The same procedures as in the pre-BMVF task were performed in the post-BMVF task.
Data processing
Raw data were acquired using LabVIEW 2010 (National Instruments) and analyzed using MATLAB (R2008a; MathWorks Inc., Natick, MA, USA). The raw force data during all the sine curve force-matching tasks were filtered using a fourth-order low-pass Butterworth filter with a cutoff frequency of 20 Hz. To eliminate transient effects, the initial 5 s and last 1 s of each force-matching trial were removed from the analysis. The primary outcome was bimanual motor synergy, and the secondary outcomes were coordination, force accuracy, force variability, and calculation speed.
2.3.1. Primary outcome 2.3.1.1. Bimanual motor synergy. The motor synergy was calculated to evaluate the bimanual motor control strategy. Within-trial UCM analysis was conducted under the consideration that the trials and duration of the experiments were relatively small and short (Ranganathan & Newell, 2008) . In accordance with previous research (Latash, 2010) , formula (1) was used to calculate V index . As motor synergy was analyzed between the two hands, the degrees of freedom for V UCM and V ORT were both 1, and the degree of freedom for V TOT was 2. Thus, V index was within 22 and 2 (unstable to stable force outputs). For further parametric statistical analyses, Z-transformation of the V index was calculated using formula (2) (Wu, Pazin, Zatsiorsky, & Latash, 2013 )
2.3.2. Secondary outcomes 2.3.2.1. Bimanual coordination. The cross-correlation between the force outputs of each hand was calculated to evaluate the degree of temporal coordination. A time-lagged cross-correlation could be used to investigate the temporal synchronization of the force signals produced with varying lag values from 0 to N -1 (with N being the total number of force data samples). The value ranges from 0 to 1, with a higher value indicating better coordinated force production of the hands. The time lags determined using the peak value of the crosscorrelation illustrated whether the force production of one hand preceded or followed that of the other hand. Positive time lag values indicated force fluctuations of the dominant hand following those of the nondominant hand.
2.3.2.2. Force accuracy and variability. Force accuracy was estimated using the root mean square error (RMSE), which indicated the average sum of the squared deviations of the force production relative to the target force. Thus, the accuracy of force production increases as the RMSE decreases. The coefficient of variance (CV) indicated the variance of the force output. The variability of force production decreases as the CV decreases. 
Statistical analyses
All results are reported as mean 6 standard error. The Shapiro-Wilk test was used to test for a normal distribution. The calculation speed was compared between the young and older adults in the dual task using the paired t test. The VAS scores between the different age groups (young and older) and conditions (single and dual) were analyzed using two-way analysis of variance (ANOVA). To analyze the differences in BMVF, twoway ANOVA included the aging factors (young and older groups) and test time (pre and post). Two-way ANOVA was used to detect the effect of the aging factors and conditions on other primary and secondary outcomes. Significant main and interaction differences were examined with Bonferroni post hoc tests with adjusted alpha levels. All data were analyzed with the SPSS version 21 software (SPSS, Inc., Chicago, IL, USA), with the significance being set at p \ .05.
Result
The participants' demographic characteristics are shown in Table 1 .
The VAS scores showed the main effects of aging (F [1, 56] = 8.14; p = .006) and condition (F [1, 56] = 13.83; p \ .001). The VAS scores in the single and dual tasks for older individuals were 5.8 6 .6 and 7.2 6 .5, while those for the young were 3.6 6 .5 and 6.2 6 .6, respectively.
The BMVF results showed a main effect of aging (F [1, 56] = 6.93; p = .011). The pre-and post-experiment BMVF results for the older subjects were 97.69 6 7.39 and 85.82 6 7.2, while those for the younger participants were 75.91 6 6.47 and 71.39 6 6.46, respectively. Other results are shown as follows.
Bimanual motor synergy
The main effect of aging was found in V index (F [1, 56] = 6.23; p = .015). The V index values in the single and dual tasks for the older participants were .74 6 .09 and .79 6 .08, while those for the young participants were 1.03 6 .08 and .96 6 .08, respectively (Figure 2) .
The main effect of aging was found in V UCM (F [1, 56] = 29.13; p \ .001). The V UCM values in the single and dual tasks were 16.01 6 2.29 and 14.69 6 2.28, respectively, for the older subjects and 3.88 6 2.01 and 3.51 6 2.02, respectively, for the young subjects.
The main effect of aging was found in V ORT (F [1, 56] = 23.79; p \ .001). The V ORT values in the single and dual tasks were 4.51 6 .70 and 3.72 6 .71, respectively, for the older individuals and .93 6 .61 and .88 6 .62, respectively, for the younger subjects.
Bimanual coordination
The main effect of aging was found in the crosscorrelation (F [1, 56] = 16.85; p \ .001). The crosscorrelation values are listed in Table 2 . The time lag showed a main effect of aging (F [1, 56] = 5.73; p = .02). The values of the time lag are listed in Table 2 .
Force accuracy and variability
The main effect of aging was found in the RMSE values (F [1, 56] = 78.62; p \ .001). The RMSE values are listed in Table 2 . The main effect of aging was found in the CV values (F [1, 56] = 5.56; p = .022). The CV values are listed in Table 2 .
Calculation speed
The calculation speeds of the young and older adults were 20.35 6 4.34 and 14.52 6 4.01, respectively (t = 5.4, p \ .05). 
Discussion
The aim of this study was to investigate how aging and dual-task activity would affect the motor control strategy during bimanual isometric force control. The results showed that the older individuals had a decreased performance-stabilizing ability during bimanual isometric force control with decreased force control performance. In addition, the dual task did not affect the motor control of either the young or older adults. The UCM analysis revealed decreased V index among the older subjects, along with a simultaneous increase in V UCM and V ORT in both the single and dual tasks. The UCM hypothesis suggests that an abundant number of solutions exist when two hands are required to produce force to a certain level (Latash, 2010) . V index is used to quantify and evaluate the ability to stabilize force control performance. Thus, the decreased V index among the older individuals in this study revealed that aging induced a reduced bimanual force control ability. Furthermore, an explanation for the increased V UCM and V ORT values may be that the elderly used various force ratios between the hands during each experimental trial, and these variations may have led to the increased good and bad variabilities. In addition, in all the experimental conditions, the V UCM value was higher than the V ORT value. According to the UCM hypothesis, there are two methods of ensuring stable performance in stable motor behavior, and these methods are non-synergic and synergic. V index with a higher V UCM refers to a synergic strategy. Thus, the present result illustrated a synergic strategy during all the experimental conditions. The synergy concept of neural organization could ensure stability and flexibility of movement simultaneously. A higher V UCM indicates the better ability to use flexible solutions and a higher V ORT indicates poorer control of a performance variable.
Furthermore, in this study, we observed no significant differences in V index , V UCM , and V ORT between the single and dual tasks in both age groups; this finding indicates comparable bimanual motor control strategies and similar force ratios between the hands during each experimental trial. That is, the dual-task activity did not influence the motor control strategy of bimanual isometric force control. The reason for this outcome is discussed along with the calculation speed at the end of this section.
The difference in motor control strategy results between the young and older adult age groups under the UCM theory illustrates the differences at the behavioral level. Task performances and motor control are dependent on the organism, environment, and tasks (Newell, 1986) . Studies focused on the neural basis of the organism during bimanual force control showed that the control strategies were mediated with sensory information such as visual feedback (Ranganathan & Newell, 2008) and haptic information (Rosenbaum, Dawson, & Challis, 2006) . This study investigated the influence of aging on the bimanual motor control strategy under the same environment and tasks. Thus, the intrinsic characteristics of the sensorimotor system that changed with aging would lead to decreased motor control strategy among the older subjects.
Moreover, the bimanual coordination showed higher values among the older participants in both task conditions, indicated by the cross-correlation results. The negative time lag results indicated that both the young and older adults tended to increase or decrease their non-dominant-hand force production to match the target force followed by the dominant-hand force production. A previous study (Lodha et al., 2012) demonstrated a positive time lag between the two hands during a bimanual isometric force control, which revealed that the dominant hand changes the force production according to the non-dominant hand. The conflicting findings obtained in this study might be the result of using different experimental tasks (e.g. flexion in the previous study and extension in this study). While the results of a previous study using the same tasks confirms our findings (Jin et al., 2019) , the negative time lag between the hands might be a characteristic of the tasks used in this study. The increased RMSE and CV values among the older subjects indicated decreased force control accuracy and increased variability of force output. These findings are consistent with those of studies that investigated force control ability differences between young and older individuals (Lin et al., 2014; Ofori, Samson, & Sosnoff, 2010) . In each age group, the RMSE and CV values showed no significant differences between the single and dual tasks. The UCM results demonstrated that V ORT also showed no significant differences between the single and dual tasks in each age group. Thus, the decreased force control ability in the older subjects could be due to the decreased V index . Furthermore, the lack of differences in task performance between the single and dual tasks could be explained by the comparable V ORT values, as the task performance variable is only affected by V ORT according to the UCM theory. Previous evidence also demonstrated a positive correlation between increased RMSE and V ORT (Kang & Cauraugh, 2017) . Considering the UCM and coordination results, which were used to evaluate the indexes of bimanual isometric force control, the different findings of decreased V index and increased coordination among older individuals could provide important guidance in the selection of evaluation methods. In the analysis of bimanual isometric force control ability, with bimanual coordination evaluated with cross-correlation, the increased index could not explain the decreased task performance. However, the decreased V index under the UCM hypothesis, with consideration of bimanual interaction, could explain the task performance deficit among the older adults. These observations are also consistent with those of our previous study that emphasized the importance of choosing a proper method to evaluate bimanual isometric force control (Jin et al., 2019) .
The calculation speed results in this study showed that the older individuals had slower speed than the young adults. Bimanual motor synergy, force accuracy and variability, and coordination were not significantly different between the single and dual tasks, probably because the result of the dual task influenced only the cognitive aspect, without influence on the motor control performance. That is, the older individuals tended to decrease the calculation speed to increase the calculation accuracy. The classic ''supply and demand'' framework is usually used to demonstrate the age-related changes in the neural control of movement; that is, age-induced decline in brain structure and neurotransmitter availability leads to a greater demand on cognitive resources for compensation . While the force control in this study was not influenced by the calculation task, it might be that the allocation of attention under dual-task conditions depends on the nature of the tasks (Shumway-Cook, Woollacott, Kerns, & Baldwin, 1997). That is, in this study, the subjects were able to obtain continuous visual feedback of the total force output, which caused them to allocate their attention to the force control task first. However, we did not evaluate the calculation speed as a single task; thus, it was impossible to conclude whether this is the reason why the force control performance was not influenced by the calculation task. Furthermore, the VAS scores demonstrated that the older participants had more difficulty during both the single and dual tasks.
One limitation of this study was that we only evaluated bimanual isometric force control; thus, the degree of bimanual interaction remains unknown. Further studies that compare isometric force control with bimanual isometric force control of each hand may address this limitation. We did not include sex-matched participants as controls for each group, as we emphasized the effect of aging on bimanual isometric force control; thus, sex-related differences must be investigated in the future. In addition, despite the lack of difference between pre-and post-BMVF, the decreased trends of post-BMVF values reveal that repeated testing may have induced fatigue, which could not have been prevented.
The aim of this study was to investigate how aging and dual-task activity would affect the motor control strategy during bimanual isometric force control. In conclusion, we observed an aging-induced decrease in bimanual force control ability with both increased V UCM and V ORT , and the motor control strategy was not influenced by dual tasking. These findings might have implications for establishing interventions for aging-induced hand force control deficits.
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